Membrane-based liquid desiccant dehumidification has attracted increasing interests 12 with elimination of solution droplets carryover problem. In this study, a membrane-13 based hybrid liquid desiccant dehumidification cooling system is developed, which is 14 mainly composed of a dehumidifier, a regenerator and an evaporative cooler. The 15 system is capable to remove latent load by the liquid desiccant dehumidification unit 16 and simultaneously to handle sensible load with an evaporative cooling unit. This paper 17 presents a performance evaluation study of the hybrid system with calcium chloride as 18 liquid desiccant based on experimental data. Series of tests are conducted to identify 19 influences of operating variables and conditions (i.e. desiccant solution concentration 20 ratio, regeneration temperature, inlet air condition, etc.) on the system performance. 21
Introduction
technology without shortcomings of overcooling and reheating [1] . Compared to the 42 solid desiccant system, the liquid desiccant system is more economical and flexible in 43 utilization of low-grade energy sources [2] and efficient in providing high quality 44 supply air with independent humidity and temperature controls [3] . Generally, the 45 selection of a liquid desiccant depends on various parameters, like boiling point 46 elevation, energy storage density, regeneration temperature, thermophysical property, 47 availability and cost [4] . Particularly, halide salts are mostly preferred, for example 48 lithium chloride (LiCl), lithium bromide (LiBr) and calcium chloride (CaCl2). 49
Comparatively, CaCl2 is the cheapest and most readily available desiccant [5] . On the 50 other hand, a variety of packing types of the liquid desiccant system have been 51 developed, such as wetted wall, spray tower, packed column and membrane-based [6] . 52
Among them, the membrane-based configuration providing an indirect contact for 53 dehumidification has attracted more interests owing to the elimination of solution 54 carryover problem. In operation, membranes allow heat and moisture transfer between 55 solution and process airstream, whereas meanwhile prevent the entrainment of liquid 56 desiccant [7] . 57
Many studies of the membrane-based liquid desiccant cooling system have been 58 conducted, which incorporates different renewable energy sources and cooling 59 technologies. For instance, Abdel-Salam, et al. [8] proved the feasibility of a 60 membrane-based desiccant air conditioning system powered by solar energy. El-61
Dessouky, et al. [9] proposed a new air conditioning system consisting of a membrane 62 dehumidification unit and a direct evaporative cooler, and they observed that 86.2% 63 energy saving can be achieved compared to a conventional stand-alone vapourdehumidification cooling system integrated with an indirect evaporative cooler, with 66 which the supply air temperature and humidity reduce from 33.8℃ to 22.3℃ and 68.6% 67 to 35.5% respectively. However, yet limited researches have been carried out for 68 feasibility study and performance evaluation of the membrane-based liquid desiccant 69 dehumidification cooling system through experimental work. In this study, a 70 membrane-based hybrid dehumidification cooling system with heat recovery is built 71 for experimental investigations. Feasibility of the system for hot and humid regions is 72 assessed and influences of various operating variables, including inlet air condition, 73 desiccant concentration ratio and regeneration temperature on the dehumidifier, 74 regenerator and overall system performances are evaluated based on the experimental 75 results. 76
Experimental set-up 77
The proposed hybrid system is mainly composed of a dehumidifier, a regenerator, an 78 evaporative cooler and an air-to-air heat exchanger, as shown in Fig. 1 . Three processes 79 are involved during operation, namely: dehumidification, regeneration and evaporative 80 cooling. Additionally, the airstream from the evaporative cooler is used to cool the dry 81 air to meet the supply requirement in the air-to-air heat exchanger. After 82 dehumidification, the dilute solution flows into the weak solution storage tank and is 83 delivered by magnetic-driven pump to a heat exchanger (HX2), where the weak 84 solution is pre-heated before being heated by heat source. To enhance the 85 dehumidification performance, cold water cools the strong desiccant solution prior to 86 flowing into the dehumidifier and then flows directly into the evaporative cooler. 87 
where, Uxi is uncertainty of each measured variable xi. 126
Evaluation Method 127

Dehumidification process 128
The dehumidification performance is assessed by moisture removal rate. 129 
Effect of inlet air relative humidity on dehumidification performance 167
The inlet air temperature for the dehumidifier is set at 34.6°C and relative humidity 168 varies from 46% to 70%. It can be seen from Fig. 4(a) that the dehumidifier 169 performance increases with the inlet air relative humidity at the constant inlet air 170 temperature. The dehumidifier moisture removal rate doubles as air relative humidity 171 increases from 46% to 70% and the dehumidification effectiveness improves by 36.9%. 172
The increase in the moisture removal rate is caused by the greater vapour pressure 173 difference between the airstream and desiccant solution. 174
Over the investigated inlet air relative humidity range, the higher inlet air relative 175 humidity leads to more cooling output as shown in Fig. 4(b) . The dehumidifier cooling 176 output increases from 221.4W to 334.7W as air relative humidity increases from 46% 177 to 70%. However, as the relative humidity gets higher than 63%, the increase in the 178 cooling output becomes smaller. It indicates that the dehumidifier cooling output 179 approaches the maximum capacity with further increase in air relative humidity. 180 
Effect of air flow rate on regeneration performance 187
Tests are carried out to investigate air flow rate effect on the regeneration performance. 188
At an inlet air temperature of 26°C and relative humidity of 33%, the regenerator air 189 flow rate is increased from 43.82m 3 /hr to 148.44m 3 /hr, while the hot water is kept at a 190 temperature of 61°C. Though the increase of regenerator air flow rate leads to reduction 191 in the moisture addition capability, the moisture addition rate takes both the moisture 192 content change and air flow rate into account. As observed in Fig. 5 , there is an increase 193 in the moisture addition rate. However, the moisture addition rate only increases by 194 0.04g/s over the investigated air flow rate range, which indicates that the impact of the 195 air flow rate on regeneration performance is not very significant. 196 temperature is above 70°C, it is noted that the increase in the moisture addition rate 209 becomes smaller. The variation in the air humidity ratio across the regenerator is only 210 0.06g/kgdryair as the hot water temperature rises from 70°C to 80°C. Therefore, 211 regarding to the feasibility of utilizing renewable energy as heat source, at the given 212 operating condition, hot water supply temperature up to 70°C is sufficient for adequate 213 regeneration performance. 214 conditions. Impacts of operating variables on dehumidifier, regenerator and system 263 performances are identified through experimental tests. As inlet air relative humidity 264 increases from 46% to 70% at constant temperature of 34.6°C, the dehumidifier 265 moisture removal rate doubles and dehumidification effectiveness improves by 36.9%. 266
On the other hand, the regenerator performance increases with inlet air flow rate and 267 hot water temperature. As the hot water temperature increases from 55°C to 80°C, the 268 regenerator moisture addition rate increases by 75% under the same inlet air condition. 269
By increasing the desiccant solution concentration ratio from 30% to 42%, thecooling output doubles, while the regenerator moisture addition rate decreases by 272 54.5%. For steady system operation, mass balance between dehumidification and 273 regeneration is of vital importance. Under the investigated solution concentration ratio 274 of 36%, the supply air temperature of 20.4°C is obtained, the system thermal COPth 275 achieves up to 0.70 and electrical COPel reaches to 2.62 accordingly. 276
